Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704.0188

The public reporting burdan for this collection of information i1s estimated to eversge 1 hour per response, including the time for reviewing instructions, searching existing dete sources
gathering and meinteining the dete needed, and completing end reviewing the collection of informetion. Send comments ragarding this burden estimete or eny other espect of this collection of
informetion, Including suggastions for reducing the burden, to the Department of Defense, Executive Services end Communicetions Directorete (0704.0188), Respondents should be eware
thet notwithstending eny other provision of law, no person shall be subject to eny penelty for failing to comply with a collection of informetion 1t 1t does not display a currently vaid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) |2. REPORT TYPE 3. DATES COVERED (From - To)
29-07-2011 Conference Proceeding
4. TITLE AND SUBTITLE Sa. CONTRACT NUMBER

Measurements of Turbulence for Quantifying the Impact of Turbulence on
Underwater Imaging

5b. GRANT NUMBER

Sc. PROGRAM ELEMENT NUMBER
0602782N

6. AUTHORI(S) 5d. PROJECT NUMBER
S. Woods, W. Hou, W. Goode, E. Jarosz and A. Weidemann

S5e. TASK NUMBER

5f. WORK UNIT NUMBER
73-6369-01-5

7. PERFORMING ORGANIZATION NAME{S) AND ADDRESS{ES) B. PERFORMING ORGANIZATION

Naval Research Laboratory BERORT NLANaER

Oceanography Division NRL/PP/7330--11-0593

Stennis Space Center, MS 39529-5004

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

Office of Naval Research ONR

800 N. Quincy St.

Arlington, VA 22217-5660 11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release, distribution is unlimited.

20110804240

14. ABSTRACT

This paper presents field measurements of turbulence from the Skaneateles Optical Turbulence Exercise (SOTEX, July
2010}, during which images of a target were collected over a 5 m path length at various depths in the water column,
concurrent with profiles of the turbulent strength, optical properties, temperature, and conductivity. Turbulence was
characterized by the turbulent kinetic energy dissipation (TKED) and thermal dissipation (TD) rates, which were
obtained in close proximity using both a Rockland Scientific Vertical Microstructure Profiler (VIMP) and a Nortek Vector
velocimeter in combination with a PME CT sensor.

15. SUBJECT TERMS
turbulence, underwater imaging. dissipation rate, microstructure, acoustic doppler velocimeter

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |1B. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT | c. THIS PAGE ABSTRACT g.:css Weilin Hou
Unclassified | Unclassified | Unclassified UL 5 iy TEECRIENG Nuyzifzégf’s”;;’“ so9e)

Standard Form 29B (Rev. B/9B)
Prescribed by ANS| Std. 239.18




Proceedings of the IEEE/OES/CWIM Tenth '(/T/or&z'ng Conference on Current Measurement Technology

Measurements of turbulence for quantifying the
impact of turbulence on underwater imaging

S. Woods, W. Hou, W. Goode, E. Jarosz, A. Weidemann
QOcean Sciences Branch
Naval Research Laboratory
Stennis Space Center, MS, USA

Abstract— 1t has long been acknowlcdged that turbulence affects
propagation of light in thc ocean. Physically, this is because
turbulent inhomogeneities of the flow are associated with
fluctuations in temperature and salinity. Variations in thcse
passive scalars alter the water density, inducing variations in the
refractive index, which result in near-forward scattering from
turbulent inhomogencities. In applications such as underwater
imaging, thc near-forward scattering from turbulence becomes a
limiting factor over longer ranges and under conditions of
stronger turbulence. The magnitude of this degrading effect
depends upon the undcrwatcr environment, and can rapidly
degrade the quality of underwatcr imaging under certain
conditions. Ovcrcoming this degradation through enhancement
of imaging systems and post processing is important for such
applications as diving, navigation, robotics, communication and
target and mine detection and identification. To investigate the
impact of turbulence upon undcrwater imaging and to compare
with our previously developed model, quantified observation of
the image degradation concurrent with charactcrization of the
turbulent flow is necessary, spanning a variety of turbulent
strengths.  Therefore, we present ficld measurements of
turbulence from the Skaneateles Optical Turbulcnce Excreisc
(SOTEX, July 2010), during which images of a target were
collected over a 5 m path length at various depths in the water
column, concurrent with profiles of the turbulent strength,
optical properties, temperature, and conductivity. Turbulence
was characterized by the turbulent Kinetic encrgy dissipation
(TKED) and thcrmal dissipation (TD) rates, which were obtained
in closc proximity using both a Rockland Scientific Vertical
Microstructurc Profiler (VMP) and a Nortek Vector velocimcter
in combination with a PME CT sensor.” While the two
instrumental setups demonstrate reasonable agreement, some
irregularitics highlight the difficulties of accuratcly gnantifying
the dcsircd parameters, which arc likely associated with the
spatial and tcmporal variability of the turbulence field.
Supplementary measurements with the Vector/CT in a controlled
laboratory convective tank will shed additional light on the

quantitative relationship bctween imagc degradation and
turbulence strength.

Keywords-turbulence, underwater imaging, dissipation rate,
microstructure, acoustic doppler velocimeter

1 INTRODUCTION

The capability to see farther underwater is of interest in
many different fields, particularly in the field of underwater
imaging. This capability is highly desirable for recreational,
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scicntific, and military applications such as diver visibility,
navigation, robotics, archeology, marine research, undcrwater
photography, and target and mine detcction and elassifieation.
In order to enhance underwater imaging, an understanding of
the physics involved in light propagation underwater is
necessary. As the light propagates through the water column,
scattering degrades the quality of the image. Scattcring may be
attributed to a combination of scattering from the water itself,
particulates suspended in the water column, or turbulence
present along the propagation path. The magnitude of this
degrading effect depends upon the underwater environment,
and can rapidly degrade the quality of underwatcr imaging
under certain conditions. While scattering from particulates
contributes more significantly to image degradation in general,
especially at larger viewing angles, under conditions of strong
turbulence, as is found near the surface, mixed layer, and
bottom of the water eolumn, ncar-forward turbulent scattering
produces a significant contribution [1, 2].

Although much work has been done to quantize and
overcome the effects of particulate scattering [3-5], the
problem of turbulent scattering has only become a source of
investigation more recently [6]. Thus, the work presented here
is part of an effort aiming to quantize the effect of turbulent
scattering on underwater imaging. Such quantization will not
only allow for improved understanding of the physics
contributing to the degradation of underwater imaging, but will
also provide opportunity for overcoming such degradation and
opening the door to opportunities for enhancing imaging
techniques. This effort will also providc insight into optical
techniques for characterizing turbulent flow in the water
column. As a part of this larger cffort, the present paper details
the turbulence measurements associated with a ficld
experiment used to image underwater and simultaneously
measure the turbulent strength over which the images were
obtained.

11 BACKGROUND

Turbulence affects light propagation underwater beecause
thc slight changes in index of rcfraction assoeiated with
fluctuations in temperature or salinity refract the light as it
passes through the turbulent layer, cffectively inducing
multiple seattering in the light beam [7-10]. Under conditions
of weak turbulence, however, this effect is negligible, and
scattering by particulates dominates. As thc turbulence grows
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stronger, the fluctuations in refractive index bccome more
frcquent, and the scattering due to turbulence becomes
significant [10]. Effectively, this phenomenon is akin to the
observed twinkling of a star or the effect produced from heat
rising from a hot surface. In regions of strong turbulence, this
effect is significant enough to affect optical communications,
diver visibility, and underwater imaging.

Methods have been developed to compensate for the effects
of particulate scattering upon underwater imaging by correcting
underwater images with the point spread function (PSF)
response, which describes how light interacts with the water for
the current environmental conditions [3, 4]. These methods are
more complicated for scattering from turbulence, however, due
to the rapid temporal and spatial variation of the turbulent field,
cven within the field of view of the sensor. Thus, turbulence
presents a more difficult problem in post-processing of images
to correct for turbulent scattering, at least until quantification of
the relationship between image degradation and turbulent
strength is determined. In theory, however, the degrading
effects of scattering from turbulence may be corrected in a
similar manner to that of particulates, if the turbulence can be
characterized by its turbulent kinetic energy dissipation
(TKED) and thermal dissipation (TD) rates, so as to yield the
associated point spread function [6]. This work will therefore
detail the turbulence measurements associated with an effort to
quantify the effects of turbulence upon underwater imaging
degradation. In particular, the turbulence will be characterized
by the turbulent kinetic energy (TKED) rate. The TKED rate is
an indication of the diffusivity of momentum of the flow, thus
providing a measure of how quickly a velocity disturbance
within the flow will be dissipated, which will be estimated
from measurements of thc microstructure and velocity
fluctuations of the water column.

1II. MEASUREMENTS

A.  Measurement Conditions

Measurements were carried out as part of the Skaneateles
Optical Turbulence EXercise (SOTEX), conducted on Lake
Skaneateles, New York in July 2010. Images were collected
over a 5 m path length at various depths within the water
column, and at different sites on the lake. Fig. 1 shows the
approximate location of the two stations, the first (S1, red
circle) near the center of the lake (42.8668° N, 76.3920° W)
over a sloping bottom with an approximate depth of 70 m, the
second (S2, blue triangle) at the northern end of the lake
(42.9063° N, 76.4058° W) over a flatter bottom with an
approximate depth of 50 m. Skaneateles was chosen for this
exercise on account of its wcll-known optically clean waters,
having the highest clarity of any of the Finger Lakes, with an
avcrage secchi depth near 8 m [11], thus allowing for imaging
under varied turbulent strength, but with little scattering
contribution from particulates. July was chosen for this
exercise to ensure a well-defined thermocline (as demonstrated
by the temperature profiles shown in Fig. 2) and strongest
possible conditions for optical turbulence in the lake.

Turbulence measurements were obtained from both a
Vertical Microstructure Profiler (VMP) and a Vector
Velocimeter combined with a Conductivity and Temperature
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sensor (Vector/CT). For deployment on the first day (July
27"), the Vector/CT was deployed on the optics package, with
the VMP deployed from a separate vessel, as dcpicted in Fig.
3(a). While the Vector/CT profile consisted of pauscs at
particular depths for acquiring a time series of velocitics that
would be used for turbulence calculations, the VMP profiled
continuously. For all subsequent days, the Vector/CT was
deployed upon the IMAST (Image Measurement Asscmbly for
Subsurface Turbulence), the 5 m long rigid structurc used for
acquiring images. The IMAST was deployed both vertically
and horizontally, as depicted in Fig. 3(b), both during the day
with a passivc imaging target and at night with an activc target,
and also profiled the water column in a step fashion, pausing at
each depth for a given period of time to acquire images and
velocity time series at a given depth. The VMP was deployed
from a separate vessel in close proximity, and profiled
continuously during the IMAST deployment. Complementary
profiles of the water column optical propertics werc also
obtained with a WETLab ac-9, bb sensor, CTD, and a Sequoia
Scientific Laser In-Situ Scattering Transmissometer (LISST).

L]

2 ]
KILOMETERS

SKANEATELES LAKE

Figure 1. Bathymetric sketch of Skaneateles Lake showing the approximate
location of the two stations: S1 (red circle) near the center of the lake, and S2

(blue triangle) in the northern end of the lake. Map adapted from
http.//www.ourlake.org/html.
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Figure 2. Temperature profiles (°C) corresponding to the dissipation profiles
shown in Fig. 4 for deployments on July 27 day (solid red), July 28 day (solid
green), July 29 day (solid blue), July 29 night (dashed purple), July 30 day
(solid black). All profiles are from S1 except for the July 29™ daytime
deployment, which is from S2. Depth is indicaled by pressure (dbar).
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Figure 3. Diagram of deployment setup showing alternate deployment
configurations: (a) Vectot/CT deployed vertically on optics package, and (b)
Vector/CT deployed on IMAST both vertically and horizontally. Note, in
both instances, the VMP was deployed from a separate vesscl.

B.  Vector/CT Turbulence Measurements and Calculations

The Vector/CT instrumental setup consists of a Nortek
Vector acoustic doppler 3D velocimeter and a Preeision
Measurcments Engineering (PME) fast Conductivity and
Temperature (CT) sensor. The two instruments are mounted
ncar the eenter of the IMAST strueture, and the heads of the
instruments plaeed in such a way as to sample the same volume
of water, thus providing time series of the 3D velocity,
temperature, and conductivity fluctuations of the sample water
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volume. As the instrument is commonly used for laboratory
measurements or stationary moorings, the instrument requircs
collection of a time series of velocities at a stationary depth in
order to compute the turbulent dissipation rates. Thercfore,
during deployment, the IMAST profiled the water column by
pausing at each depth for five to ten minutes to eapture the
turbulenee statistics. Sinee the instrument was deploycd from a
vessel and not a stationary platform, the influence of the
surface movement of the vessel was evident on the velocity
spectra, however it did not affect dissipation estimates since its
speetral signature was outside the inertial subrange used for
calculations. Measurements were collected at a rate of 32 Hz
to allow for adequate sampling of turbulent fluctuations.

For characterizing the turbulent flow, the TKED rate, &, is
caleulated from the Veetor velocity measurements. Since the
velocity spectra eonform to a -5/3 slope over a wide frequency
range, the cnergy spectra relations used under the eondition of
local isotropy are applicable assuming Kolmogorov’s theory,
and the TKED ratc is determined from

N
[?E S(A)]

by fitting a line with a -5/3 slope to the inertial subrange of the
velocity spectra. Here, k is the wavenumber, S the veloeity
spectral density, and C and a are constants given by 18/55 and
1.5, as determined froin the isotropic relations and
expcrimental results, respeetively [12).

£ (1

C. VMP Turbulence Measurements and Calculations

Microstructure observations for SOTEX werc collected by
a specialized instrument, a vertical mierostrueture profiler
(VMP), designed and produced by Rockland Scientifie
Intermational, Canada. The VMP profiler is designed to
measure dissipation-seale turbulenee in oeeans and lakes up to
500 m. It is equipped with four mierostrueture sensors: two
shear sensor probes, one thermistor (FP07), and miero-
conduetivity (SBE7). These sensors allow measuring with high
accuraey and resolution microseale vclocity shear, temperature,
and conductivity, with a shear sampling rate of 512 Hz.
Additionally, the VMP profilcr has externally attached SeaBird
SBE7-3F temperature and SBE-4C eonduetivity sensors. The
profiler also measures pressure. During the SOTEX
experiment, over 100 VMP drop profiles were exccuted, with
drop velocities between 60 and 90 em/s. All drops returncd
high-quality data that later werc used to estimate turbulent

energy (shear data) and temperature (thermistor data)
dissipation rates.

The turbulent encrgy dissipation rate, €, was computed by
integrating the shear speetrum from k, to k, using the isotropic
formula:

(2)

I8 ko
£=—v [ k) 2
P i
where k is the wavenumber, v is the kinematic molecular
viscosity of water, and y(k) is thc shear speetrum. Speetra of
the veloeity shear werc ealculated from conseeutive scgments
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of 1024 data points, corresponding to a bin height of
approximately 0.8 m, with an overlap between adjacent bins of
512 points. The lowest wavenumber k,was set to 1 cpm, and
the highest one (k;) was set to the wavenumber where the shear
spectrum has a minimum between the natural spectrum and a
high wavenumber peak, but not higher than 30 cpm.

IV. RESULTS

From the relations given in the previous section, turbulent
energy dissipation rates were determined from both the Vector
Velocimeter and the VMP. While both instruments here
provide results of turbulent dissipation in the form of profiles
through the water column, it should be kept in mind that the
VMP profiles continuously in order to provide dissipation
estimates from the shear spectra, while the Vector/CT pauses at
a given depth in order to provide dissipation estimates from the
velocity spectra at that depth. Comparisons of the dissipation
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rates for varying deployments are presented in Fig. 4, where the
Vector/CT measurements are plotted as open circles, and the
VMP measurements are plotted as closed dots. The results
plotted in Fig. 4(d) were collected during the nighttime, but all
other results are from daytime measurements. Similarly, the
results in (c) were collected from station S2, but all other
results are from S1. And finally, all results are from
deployment of the Vector/CT mounted inside the IMAST

except for (a), when it was deployed on thc outside of the
optics package.

All profiles gencrally demonstrate the heightened turbulent
kinetic energy dissipation rate near the surface and mixed layer,
with decreasing dissipation at depth (no profiles extended to
the lake bottom, where higher dissipation rates would also be
expected). No measurements were made directly beneath the
surface due to instrument deployment limitations, but bcgin at a
depth of about 5 m, and extend to depths of 40 to 50 m for the
VMP, 15 to 25 m for the Vector/CT.
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Figure 4. Profiles of turbulent kinetic energy dissipation rates, € (m’s”) for several deployments determined from VMP (dot) and Vector (open circle)

measurements: (a) July 27 daytime at S1, (b) July 28 daytime at S1, (c) July 29 daytime at S2, (d) July 29 nighttime at S1. The corresponding temperature profiles

for each station are shown in Fig. 2. Note that in all cases the Vector/CT was on the IMAST except for (a), when it was on the optics package. Depth is given by
pressure (dbar).
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The two instrumental setups demonstrate reasonable
Mireemcnt, with those of the Vector/CT tending to be higher in
seneral than those of the VMP, as cxpected given the nature of
e instrument setups, sampling rates, and estimate methods.
e deployment profiles demonstrate irregularities, however,
Phlighting the spatial and temporal variability of the
rbulence field, and the difficultics this variability induces in
antifying the desired parameters. In Fig. 4(a), for examplc,

i(b), proximity between the vessels was difficult to maintain,
:;: separation was on the order of 50 to 100 m, which could
decount for the rather high estimates from the Vector/CT in
mparison to the VMP, demonstrating the spatial variation in
he turbulence field. Closer proximity of the two vessels (25 to

), although the vessels maintained a greater separation than
DR the first day shown in (a), and there was again significant
irift during the course of the deployment for (c). Additional

ructure for deployments (c) through (d), since it was mounted
utside the optics cage in (a).

V.

Motivated by efforts to assess the impact of turbulence on
iderwater imaging, the Skaneateles Optical Turbulence
iXercise (SOTEX) provided a unique opportunity to compare
turbulent characterization measurcments from two rather
different instruments: the Vector acoustic doppler velocimeter
and the Vertical Microstructure Profiler. Although the Vector
foften deployed in a stationary moored setup, and the VMP in
profile form, the two instruments demonstrated somewhat
keasonable agreement in turbulent kinetic energy dissipation
ate trend estimates when the two were deployed in close
proximity. While some of the disagreement between
fistruments can be attributed to proximity and drift of the
deployment vessels, a better comparison could be made if these

CONCLUSIONS
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factors were eliminatcd. Such a deployment is difficult,
however, due to thc dcployment needs of cach instrument.
Future work will further examine thc agreemcnt betwcen the
VMP and the Vector/CT through comparison of their estimated
turbulent temperature dissipation rates.
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